We compared feeding behavior of frugivorous civets with those of other sympatric frugivores in a Bornean rainforest. For each frugivore residing in 3 different species of fig trees (Ficus variegata, F. fistulosa, and F. benjamina), we recorded temporal visitation patterns, visitation length, and time spent searching for fruit spanning 1,758 h of observations. The civets were strict nocturnal visitors, whereas the other 5 frugivorous species were diurnal visitors. Civets visited F. variegata, F. fistulosa, and F. benjamina trees until 51, 26, and 0.3 days before the end of fruiting, respectively, whereas the other frugivores visited the trees until 84.5, 32, and 1.2 days before the end of fruiting. Civets foraged longer in the F. variegata, F. fistulosa, and F. benjamina trees at each visit (119.17, 109.37, and 97.77 min, respectively) than did the other frugivores (39.88, 17.06, and 40.2 min). Civet search times (62.61, 27.55, and 18.9 s) were longer than those of the other frugivores (34.34, 12.46, and 9.49 s), and civet search duration significantly increased over time. Our results indicate that nocturnality is the most important factor in avoiding contest competition with larger diurnal frugivores, thus enabling long visits at feeding patches although long search times decreased feeding efficiency. Long foraging visits of civets would be advantageous in fruit-deficient environments and may compensate for their morpho-physiological disadvantages for frugivory.
Mammalian frugivores usually exhibit morpho-physiological adaptations for feeding in response to characteristics of fruits. Ripe fruit pulp contains large amounts of simple sugars that can easily be absorbed by many species (Lambert 1998) . However, frugivores typically have characteristics that enable them to efficiently process fruits by removing hard exocarps and/or seeds (Milton 1984) and masticate fruits for the extraction of energy and nutrients (Stevens and Hume 2004) . Primates possess welldeveloped incisors for biting off large fruits and penetrating hard husks (Anthony and Kay 1993; Deane 2009 ). Old World fruit bats possess teeth unique in number and structure that enable the extraction of juice (Freeman 1988) . Gastrointestinal fermentation of polysaccharides, one of the major carbohydrates components of fruits, occurs in these frugivores to increase energy intake (Anand and Sripathi 2004; Mckenney 2011) . In contrast, frugivorous civets do not appear to have special fruit processing traits.
Frugivorous civets belong to the subfamily Paradoxurinae, family Viverridae, order Carnivora. This subfamily is mainly distributed across Southeast Asia (Nowak 2005) . Although they possess typical carnivorous dental and digestive morphology, such as sharp canines, carnassial teeth (Anders 2005) , and short digestive tracts (Mitchell 1905; Liu et al. 1997; Mckenney 2011) , that are suitable for consuming a carnivorous diet, they primarily consume fruits and to a lesser extent small animals (Joshi et al. 1995; Mudappa et al. 2010; Nakashima et al. 2010) . They exhibit limited dental adaptations to frugivory such as relatively broad carnassial teeth and relatively large premolars, but their dentition is unsuitable for crushing fruit into small pieces (Anders 2005) . In binturongs (Arctictis binturong), gastrointestinal fermentation of polysaccharides does not occur (Lambert et al. 2014) , resulting in low carbohydrate digestibility (Dierenfeld 2003) . Common palm civets (Paradoxurus hermaphroditus) selectively feed on soluble sugar-rich fruits within each feeding patch (Nakabayashi 2015) , likely because soluble sugars can be absorbed by simple diffusion in their short digestive tracts (Southgate 1995) . Given that frugivores usually consume soluble sugar-rich fruits (Martinez del Rio and Restrepo 1993; Ko et al. 1998) , feeding competition may be substantial under these constraints. Thus, frugivory should be disadvantageous largely to frugivorous civets.
Frugivorous civets may compensate for morphological and physiological constraints on frugivory by employing an alternative feeding strategy. In this regard, behavior might regulate feeding habits within morpho-physiological constraints (Jordano 1987; Robbins and Hohmann 2006) . Feeding behavior, such as searching and processing, affects feeding efficiency, whereas feeding efficiency determines the allocation of time in each feeding patch (Pyke 1984) . Activity patterns influence interspecific contest competitions (Kantak 1981; van Schaik 1996) . Despite the apparent importance of behavior in the successful frugivory of frugivorous civets, no intensive behavioral observations of these civets have been made because of their nocturnal, solitary, and arboreal habits (Nowak 2005) . Therefore, our knowledge of their behavior has been derived solely from occasional observations and camera trapping.
In this study, we compared the feeding behavior of partially frugivorous civets with those of sympatric frugivores in a Bornean rainforest by determining temporal visitation patterns, visitation length, and fruit searching time within 3 species of fruiting fig trees. If civets have a particular visitation pattern, contest competition could be avoided. If they feed optimally, they will exhibit extended visits and bouts of feeding in each feeding patch (Pyke 1984) . Given that frugivorous civets feed selectively in patches (Nakabayashi 2015) , a decrease of feeding efficiency over time would be more significant than for species that forage in a broader range of fruit patches. We specifically addressed the following questions: 1) Does the temporal feeding pattern of frugivorous civets reduce contest competition? 2) Does the feeding behavior of frugivorous civets increase their feeding efficiency? And 3) Is the decline in feeding efficiency over time for frugivorous civets significantly greater than that of other frugivores?
Materials and Methods
Study area.-We conducted this study at the Danum Valley Conservation Area in Sabah, in the north-eastern part of Borneo from January to June 2013. The Danum Valley Conservation Area (hereafter called Danum; 4°57′N, 117°48′E) is a 438 km 2 protected zone, of which 90% of the area comprised mature lowland evergreen dipterocarp forest between 180 and 900 m above sea level. (Marsh and Greer 1992) . This study was conducted in an area (about 5 km 2 ) near the eastern boundary of Danum. Mean annual rainfall of the area was 2,700 mm (1986) (1987) (1988) (1989) (1990) (1991) (1992) and mean daily maximum, minimum, and mean temperatures were 30.9°C, 22.5°C, and 26.7°C, respectively (Marsh and Greer 1992 (Soepadmo and Saw 2000) . Our site was based ≥ 10 m away from the trees and the entire crowns were visible. We recorded temporal visitation pattern, visitation length, and fruit searching time for each frugivore species at least 4 continuous days per week from 0600 h to 0000 h or 0400 h for F. fistulosa and from 0600 h to 0000 h in F. variegata and F. benjamina. We recorded feeding behavior of frugivores that consumed more than 5 figs in each visit. After we focused on 1 frugivore, we adjusted our position such that we could see the animal clearly. When multiple individuals within a group visited, we focused on only 1 individual. All observations were aided by use of 8 × 36 binoculars (Nikon Monarch, Nikon Corp., Tokyo, Japan), and for night observation, a headlamp with an orange light, and thermal binoculars (FLIR Scout TS24 pro, FLIR, FLIR Systems, Inc., Wilsonville, Oregon).
The temporal visitation patterns included 2 aspects: period of the day and number of days the fig tree was visited. Number of visitation days should be related to the maturation status of the figs. Therefore, we recorded overall ripeness using the following scales: very low = 1-25%, low = 26-50%, high = 51-75%, and very high = > 75% of the crown surface with ripe figs as judged by pericarp colors for F. variegata and F. benjamina. For F. fistulosa, we could not judge maturity based on pericarp color. Consequently, we used 10-30 randomly collected figs to determine maturity based on the following 3 scale: immature = not yet full sized and seeds unformed, mature = full sized, fragrant, and seeds formed, and postmature = full sized, partially or wholly decayed, and seeds formed. We measured average sweetness (brix %) and weight (g) of the sample figs to ensure the validity of the scale based on the outward appearance of the fruit. The sweetness of figs was measured using a hand refractometer (PAL-1, Atago Co., Osaka, Japan), which measures the refraction index of fruit juice and converts the reading to brix (density of dissolved sugar content in ripe fruits). We compared the weight and sweetness of figs in each scale using a one-way analysis of variance (ANOVA) with Tukey post hoc tests.
Visitation length (min) indicated the length of stay in each fig tree. We recorded the time interval between entry and exit for each individual of each species during each visit. At night, we recorded the presence of animals in the trees by scan-sampling every 5-10 min using both regular and thermal binoculars. We defined the fruit searching time (s) as the time interval between each focal animal swallowing a fig and placing another fig from the same branch into its mouth during each visit with a precision of 0.1 s. We recorded in this fashion when the focal animal continuously consumed > 5 figs on the same branch. When the focal animal moved to another branch, we began a new searching time record. When animals remained at the trees for over 1 h, we recorded the searching time every hour to assess feeding efficiency over time.
We compared visitation length and fruit searching time among the frugivorous species using a Mann-Whitney U-test or one-way ANOVA with Tukey post hoc tests. For F. fistulosa and F. benjamina, we compared fruit searching times recorded 0 h after their arrival at a tree with those ≥ 1 h after their arrival using a Mann-Whitney U-test or t-test if we confirmed normality. Because fruit searching time is affected by the total number of fruits in a patch, we used data taken on the same day when > 2 species fed for over 1 h to allow comparisons among species.
Our data collection protocols followed the guidelines approved by the American Society of Mammalogists (Sikes et al. 2011 ). All analyses were conducted using R version 2.14.1 (R Development Core Team 2014).
results
Species recorded.-In F. variegata, we recorded visitation of 2 frugivorous civet species: common palm civets (N = 2, total recorded time = 2 min) and small-toothed palm civets (Arctogalidia trivirgata; N = 7, 299 min) during 57 observation days (1,026 h) in 103 fruiting days. We also recorded oriental pied hornbills (Anthracoceros albirostris; N = 6, 715 min), and long-tailed macaques (Macaca fascicularis; N = 1, 20 min). We excluded common palm civets and longtailed macaques from the statistical analysis because of the small sample sizes.
In F. fistulosa, we recorded 2 species of frugivorous civets: common palm civets (N = 10, 1,004 min) and small-toothed palm civets (N = 5, 355 min) during 34 observation days (624 h) in 55 fruiting days. We also observed oriental pied hornbills (N = 8, 137 min) and long-tailed macaques (N = 4, 68 min).
In F. benjamina, we recorded 3 species of frugivorous civets: common palm civets (N = 1,108 min), small-toothed palm civets (N = 4, 712 min), and a mother and 2 accompanying juvenile binturongs (N = 3, 198 min) during 6 continuous observation days (108 h) until fruiting ceased. We also recorded oriental pied hornbills (N = 4, 34 min), helmeted hornbills (Rhinoplax vigil; N = 4, 20 min), long-tailed macaques (N = 6, 560 min), Bornean gibbons (Hylobates muelleri; N = 6, 219 min), and Bornean orangutans (Pongo pygmaeus; N = 6, 4,482 min). We excluded common palm civets and binturongs from the statistical analysis due to the small sample sizes.
In all of the trees, frugivorous civets sniffed individual fruits before picking them, whereas the other species did not. Civets visited the same branches repeatedly to search for figs and stopped feeding to rest for 14.1 min on average (N = 16, range = 2-46 min) every 14.8 min on average (N = 13, 3-25 min).
Temporal visitation pattern.-During all observations, frugivorous civets visited the trees only after dusk and until sunrise (1830-0600 h; Fig. 1 ). In contrast, the other frugivorous species visited the trees during the daytime and left the trees before dusk.
In F. variegata, common and small-toothed palm civets visited the tree when more than 51% of figs on the crown surface were ripe until 56 and 46 days before fruiting ceased, respectively (Fig. 2a) . Long-tailed macaques and oriental pied hornbills visited until 78 and 91 days before fruiting ceased, respectively.
In F. fistulosa, there were significant differences in both weight (F 2,699 = 45.73, P < 0.01) and sweetness (F 2,699 = 6.81, P < 0.01) of figs among the 3 classifications. Immature figs 
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(2.49 ± 0.92 g, N = 300) were lighter than mature (7.39 ± 0.98, N = 280; P < 0.01) and postmature figs (8.53 ± 1.41, N = 120; P < 0.01). There were no significant differences between mature and postmature figs (P = 0.36). Immature figs (6.26 ± 0.92%, N = 300) were also sweeter than postmature figs (4.23 ± 0.62, N = 120; P < 0.01). There were no significant differences between immature and mature (5.68 ± 0.47, N = 280) figs (P = 0.36), or between mature and postmature figs (P = 0.06). Common and small-toothed palm civets continuously visited the tree from the immature stage until 31 and 21 days before fruiting ceased, respectively (Fig. 2b) . On the other hand, long-tailed macaques and oriental pied hornbills fed in the tree on an irregular basis until 31 and 33 days before fruiting ceased, respectively.
In F. benjamina, although we observed binturong three times and common palm civet once each, the frugivorous civets visited the fig tree after the 3rd observation day when more than 51% of the crown surface figs were ripe until 1-2 days before fruiting ceased (Fig. 2c) .
Visitation length.-In F. variegata, small-toothed palm civets spent longer periods within the tree (119.17 ± 11.00 min, N = 6) than oriental pied hornbills (42.71 ± 14.40, N = 7; U = 3, P = 0.01; Fig. 3a) .
In F. fistulosa, there were significant differences in visitation length among the frugivores (F 3,24 = 6.39, P < 0.01). Both common palm civets (100.40 ± 20.57, N = 10) and smalltoothed palm civets (118.33 ± 30.05, N = 3) spent longer periods within the tree than oriental pied hornbills (17.13 ± 6.38, N = 8; P = 0.01 and P = 0.03, respectively) and long-tailed macaques (17.00 ± 1.50, N = 4; P = 0.04 and P = 0.05, respectively; Fig. 3b ).
In F. benjamina, there were significant differences in visitation length among the frugivores (F 5,77 = 5.35, P < 0.01). Small-toothed palm civets spent longer periods within the tree (119.20 ± 11.37, N = 6) than the oriental pied hornbills (3.75 ± 0.41, N = 9; P < 0.01), helmeted hornbills (5.00 ± 1.54, N = 4; P < 0.01), long-tailed macaques (60.17 ± 4.28, N = 10; P < 0.01), and gibbons (27.38 ± 5.17, N = 8; P < 0.01), whereas there were no significant differences between small-toothed palm civets and Bornean orangutans (110.39 ± 15.16, N = 41; P = 0.99; Fig. 3c ). We observed 3 binturongs (92.30 ± 41.22, N = 3) on 3 occasions, probably including a mother and young, but they ran from the tree when we attempted to move closer to determine their sex. Therefore, their visitation length could be underestimated.
Fruit searching time.-In F. variegata, there were no significant differences in fruit searching time between small-toothed palm civets (62.61 ± 8.16 s, N = 18) and oriental-pied hornbills (34.34 ± 4.33, N = 11; U = 59, P = 0.07). however, fruit searching time of small-toothed palm civets tended to be longer than that of oriental-pied hornbills.
In F. fistulosa, there were significant differences in fruit searching time among the frugivores (F 3,231 = 31.66, P < 0.01). Both common palm civets (26.28 ± 0.99, N = 128) and smalltoothed palm civets (28.82 ± 1.80, N = 38) spent a longer time searching for fruit than oriental pied hornbills (11.26 ± 1.53, N = 16; P < 0.01 and P < 0.01, respectively), and long-tailed macaques (13.65 ± 0.70, N = 50; P < 0.01 and P < 0.01, respectively).
In F. benjamina, there were significant differences in fruit searching time among the frugivores (F 5,1122 = 67.80, P < 0.01). Change in fruit searching time over time.-Common palm civets, small-toothed palm civets, and orangutans remained in the trees for over 1 h. The fruit searching times of the common palm civets at F. fistulosa were shorter on arrival (40.96 ± 4.26 min, N = 19) than they were ≥ 1 h after their arrival (62.53 ± 6.17, N = 34; U = 199, P = 0.02). Similarly, fruit searching times of small-toothed palm civets at F. fistulosa were shorter on arrival (43.98 ± 4.16, N = 19) than they were ≥1 h after their arrival (92.73 ± 24.71, N = 13; U = 67, P = 0.03; Fig. 4a ).
Fruit searching times of small-toothed palm civets at F. benjamina were shorter on arrival (17.37 ± 2.51, N = 21) than they were ≥ 1 h after their arrival (32.79 ± 4.75, N = 27; U = 183, P = 0.04), while there were no significant differences between fruit searching times of orangutans on arrival (8.53 ± 5.24, N = 31) and their fruit searching time ≥ 1 h or after their arrival (9.86 ± 0.96, N = 48; t 77 = −0.93, P = 0.36; Fig. 4b ).
discussion
Ours is one of the 1st studies to quantify the feeding behaviors of frugivorous civets. We found clear differences in feeding behaviors between civets and other frugivores. The strict nocturnal visitation pattern enabled long visits, indicating that optimal feeding was occurring, but slow search times decreased fruit intake.
Temporal visitation patterns.-Temporal partitioning of the visitation period may reduce contest competition between civets and other frugivores, although scramble competition remains (van Schaik and Griffiths 1996) . When the fruiting trees contained only small amounts of fruit, frugivores other than civets were not likely to visit, probably because of low acquirable energy per unit time. Although this visitation pattern may reduce scramble competition with diurnal frugivores, competition among frugivorous civets increased during this period. Indeed, some civets do not tolerate to cofeeding in the same fruiting tree (Duckworth 1997; Nakabayashi et al. 2012; Nakabayashi 2015) . Most agonistic interactions occur only when feeding animals are in proximity, and interspecific cofeedings are often observed (Eaton et al. 2010; Nakabayashi 2015) . Frugivorous civets usually exhibit aggression by growling (Nakabayashi et al. 2012) , whereas the aggression of diurnal primates includes physical attacks (Nettelbeck 1997; Rose et al. 2003; Knott et al. 2008) . Thus, frugivorous civets may not exhibit overt contest competition, which results in winners and losers in resources contests (van Schaik 1989) .
In F. variegata and F. benjamina, the 2 species of civets were the latest visitors after > 50% of the fruits were still mature. In contrast, they visited F. fistulosa when the figs were immature, but tasted sweet (Fig. 2b) . From the perspective of figs, predation before seed formation should be avoided, and generally immature fruits contain toxic or distasteful secondary compounds and are nutrient poor (Swain 1977; Cipollini et al. 2004) . The reason for the sweet taste of immature figs remains unclear, but the frugivorous civets may visit trees when figs contain sufficient sugars.
Visitation length.-Body size is an important determinant of the dominance hierarchy in fruiting trees (French and Smith 2005) . The body mass of each species is as follows: common palm civets (2-2. . The 2 species of palm civets stayed longer than the smaller-sized oriental pied hornbills, similar-sized helmeted hornbills, and larger-sized macaques and gibbons, but as long as much larger orangutans. Orangutans are the largest arboreal frugivores in Borneo, and therefore they can remain longer at 1 tree than the other diurnal frugivores. In Borneo, there are only 2 taxa of strict nocturnal frugivores: civets and Old World fruit bats. The body size of the largest Bornean fruit bat, the large flying fox Pteropus vampyrus, is 1.1 kg (Yasuma and Andau 2000) , and this is smaller than frugivorous civets (1.6-10 kg). The large flying foxes form feeding groups numbering from a few to 50 or more individuals (Kunz and Jones 2000) . Because no fruit bats were observed in the present study, we could not evaluate if group size affected the dominance. Several large flying foxes were observed cofeeding with a common palm civet in a fruiting Endospermum diadenum tree. The large flying foxes were feeding at the tips of the branches, whereas the civet was feeding on the same branches. The civet did not displace them but when the civet moved close to them, they flew to another branch (M. Nakabayashi, Kyoto University, pers. comm.). Thus, civets could be dominant over at least small group of large flying foxes. When there are no larger strict nocturnal competitors for the civets, it may be more efficient to remain at available feeding patches than to move.
Fruit intake.-Civets and orangutans remained to feed at the fig trees for a long periods. However, their fruit searching times were clearly different. The civets searched for fruits more slowly than any other animals observed including orangutans, indicating that they did not feed efficiently in terms of quantity. Differences in sensory cues for fruit searching may relate to slow feeding in palm civets. Given that civets sniff each fruit before picking them even in trees bearing color-changing figs (F. variegata and F. benjamina), they may primarily use olfactory cues for foraging. Conversely, primates and birds mainly use visual and chromatic cues for foraging (Hunt et al. 2009 ). The profiles of volatile compounds in receptive and dispersal stages of mammal-dispersed figs are clearly different (Borges et al. 2008) , and civets may use these olfactory cues to search for fruits. A tradeoff between travel speed and food detection occurs in animals using olfaction for foraging (Hirsch 2010) . Therefore, slow fruit searching might be inevitable if civets are to forage efficiently; this is also the surest method to detect a certain chemical from a fruit, especially when the fruits do not exhibit visual outward changes. The notably low energy expenditure of frugivorous civets among carnivores (McNab 1989 (McNab , 1995 may allow for slow fruit searching, resulting in low energy intake per unit time.
Fruit intake over time.-In both species of palm civets, the pattern of increased fruit searching times after their arrival at a tree indicates that their feeding efficiency decreased over time. Given that they rested frequently, fatigue should have little effect. In contrast, this pattern was not detected in the orangutans. Large animals such as orangutans subsist on more abundant but lower-quality foods, such as leaves and bark (Kanamori et al. 2010) , whereas, smaller animals require more food per unit body weight to fulfill energy requirements (Kleiber 1961) . Therefore, the palm civets may focus more on quality than quantity in food choices. Conversely, due to the large body size of orangutans, a larger quantity of food intake is required. Therefore, they may stay longer at 1 tree than the other diurnal frugivores in order to increase fruit intake. The decrease in food intake might make the frugivorous civets leave the trees (Pyke 1984) , though they were not displaced.
Behavioral aspect of fruit feeding by frugivorous civets.-Our results indicate that strict nocturnality is the most important factor, especially for the small frugivorous civets to avoid contest competition against larger diurnal frugivores. Both frugivorous civets (ca. 35.5 Ma-Patou et al. 2008 ) and fruit bats (ca. 55.8 Ma- Jones et al. 2005 ) have a long evolutionary history in Asia. Civets exhibit no special feeding behaviors that directly increase food intake and retain carnivorous morphology, suggesting that they have not had formidable nocturnal competitors. Their visitation length is quite long compared to that of kinkajous Potos flavus (< 30 min-Kays 1999), a neotropical ecological counterparts, even though kinkajous belong to the largest nocturnal frugivore groups (Emmons 1997) . Annual fruit fall of Bornean rainforests is strikingly low compared to other rainforests (Hanya et al. 2011) . Therefore, the long visits at feeding patches by the civets would be advantageous in fruitlimited environments, and it might compensate their morphophysiological disadvantages for frugivory. Further research should be conducted to elucidate whether feeding behaviors in frugivorous civets are specific to Borneo or are commonly found in other regions, to evaluate the effect of differences in fruit abundance on feeding behaviors.
